In this paper, we present a random sample consensus (RANSAC) based ultrasound travel-time tomography method. Conventionally, all the time-of-flight (TOF) data between each two transducers are used to estimate the sound speed distribution. However, failing to identify the inaccurate TOF data (outliers) due to flawed transducers would reduce the accuracy of the estimated sound speed distribution. In our proposed approach, a small subset of TOF data were first randomly selected from the original TOF data, and then applied to the tomography algorithm to estimate a rough sound speed distribution. The rest of the TOFs data were applied to the rough distribution and the goodness of fit was calculated. If most of the data fitted well in the estimated distribution, then all the well-fitted data (including the subset) was used to estimate a final sound speed distribution. Otherwise, outliers were expected in the subset and a new subset of the TOFs data would be randomly selected again. This repeated until most of the data fitted well in the estimated distribution. Simulation results showed that our method could effectively detect and eliminate outliers and increase the accuracy for estimating the sound speed distribution.
INTRODUCTION
Ultrasound tomography reconstructs the sound speed distribution by analyzing the sound propagation through the medium between a set of transducers surrounding the tissue. While wavform-tomography can result in a more accurate reconstruction image [Lin et al. (2012) ], travel-time tomography is more robust and computationally efficient as it only considers the principles of geometrical-acoustics.
Many optimization techniques can be applied to the travel-time ultrasound tomography problem, such as Li et al. (2009a) . However, these techniques are not capable of detecting the flawed transducers which could result in inaccurate TOF data (outliers). In general, the tissue to be imaged is surrounded by a ring array which consists of hundrends of transducers and every two of the transducers provide a measurement. It is very common that several transducers are flawed and the associated measurements are inaccurate. A median filter method to eliminate the measurement outliers has been proposed in Li et al. (2008) . This method is based on the assumption that the tissue is soft and the TOFs of neighborhood transducers do not differ dramatically. However, this may not be true for some situations, such as brain tomography due to the presense of skull. This paper proposed a random sample consensus (RANSAC) based travel-time ultrasound tomography model, which can eliminate the inaccurate TOF data and thus results in a more accurate sound speed distribution reconstruction.
METHOD
In travel-time tomography, only the principles of geometrical-acoustics are considered. It is effectivly a high frequency approximation which neglects diffraction and other wave effects. Ultrasound signal is considered to propagate as a ray and the ray path bends as the speed of sound varies.
The TOF between two arbitrary transducers can be described as follows:
where the entire sound speed field is divided into N cells, and s m is the slowness (reciprocal of sound speed) at the mth cell. Here, l i, j,m denotes the length of the ray between the ith transducer (transmitting) and the jth transducer (receiving) within the mth cell.
In reality, the tissue to be imaged is surrounded by a set of transducers. Thus, Eq. 1 can then be expressed in a matrix form:
where T represents all the TOFs between each pair of transducers, and L is the ray path. Here, S represents the slowness distribution of the entire field, which needs to be estimated. Estimation of the slowness distribution from the acquired TOFs between transducer pairs is a nonlinear inverse problem. To estimate the slowness distribution of the entire field, we shall iteratively minimize the following cost function:
Here, T m is the measured TOFs and L × S provides simulated TOFs, based on the sound speed estimated at each iteration. The ray path L is calculated based on the spatial gradient of simulated TOFs, which is estimated by solving the Eikonal equation [Podvin and Lecomte (1991) ].
Equation 1 shows a relationship between the sound speed distribution and the measured time-of-flight (TOFs) t. We use the RANSAC method, together with the conjugate gradient optimization algorithm, for robust fitting of the sound speed distribution model in the presence of flawed transducers and inaccurate TOFs in the measurement set.
RANSAC runs iteratively by selecting a small subset of TOF measurements at a time. This subset of measurements is fed into an optimization algorithm, such as the conjugate gradient method to estimate a sound speed distribution estimation M rough . Then we find how well the rest of the data fit this estimation and compared the fitting ratio to a predefined tolerance level. If the fitting ratio is higher than the predefined threshold, then the selected subset of measurements for the M rough estimation are all considered inliers. Otherwise, it implies that most of the TOF measurements do not fit the current estimation M rough and we should reselect another subset of measurements and repeat the procedure.
Algorithm : RANSAC based flawed transducer detection. 1: Randomly select a small subset of TOF measurements T sub . 2: Estimate a rough sound speed distribution M rough based on T sub . 3: Test the fitting ratio of the rest TOF measurement data to M rough . 4: if (fitting ratio is high): 5: Cease the iteration and take the fitted measurments as inliers Take all the inliers and estimate a final estimation. 6: else: 7: The current T sub contains outliers. Reselect T sub and goto step 2. 8: end 
SIMULATION RESULT
Numerical simulations have been implemented to demonstrate the effectiveness of the proposed algorithm. The simulation is based on the CURE ring hardware configuration [Duric et al. (2007) ] where a ring of 256 transducers encircles the phantom to be imaged. A synthetic phantom is created and is considered as the truth of sound speed distribution as shown in Fig.  1 . The entire 2D region is of physical size 2cm × 2cm. When a transducer transmits the signals, all the transducers on the other side of the ring receive this signal. The acoustic signals are acquired from a high precision wave equation model [Jing et al. (2012) ] and the TOFs are calculated based on an augmented Akaike information criterion (AIC) [Li et al. (2009b) ]. These TOFs are considered as the "measurement data" in the algorithm. We assign 4 transducers as flawed transducers by setting their measured signals to random numbers. The entire 2D region is divided into 200 × 200 pixels. For every iteration in the RANSAC method, a subset of 4000 of all the 32768 measurement are randomly selected and a rough sound speed distribution is reconstructed based on these selected TOF measurements. If this selected subset of TOF measurements contains outliers, the rough reconstruction is shown in Fig. 2 (right) ; if all the selected measurements are inliers, the rough reconstruction is as shown in Fig. 2 (left) . A threshold is set to evaluate how good the fitting is by calculating the TOF based on this rough reconstruction and comparing these TOFs with the real ones. This is carried out for every iteration until the fitting ratio is higher than the pre-defined threshold. Finally all the fitted TOF measurements are adopted to estimated a final sound speed distribution, which is as shown in Fig. 3 (right) .The recounstruction without any correction is shown in Fig. 3(left) for comparison. By comparing these two figures, it is apparent that the RANSAC optimized reconstruction is more accurate.
